Abstract. An optical method for parallel modulo operations is studied. Principle of the method based on phase modulation is described. And, an improved method is proposed. As results of numerical analysis, it is verified that the improved method is effective for massive data processing.
Introduction
In recent, some optical solutions for problem, which requires non-polynomial computational costs in a conventional electronic processor, have been presented. [1] [2] [3] These solutions are applied to NP complete problems such the traveling salesman problem, the Hamilton path one, and so on. And, these show effectiveness of optical information processing in large scale information processing.
Also, an optical method for modulo operations has been proposed. [4] This method is based on phase modulation of a light wave and is also considered to be useful for prime factorization. [4] In previous work, the prototype has been constructed and demonstrated.
In this presentation, we study on improvement of the proposed method. It is shown that the proposed method can achieve ultra parallel processing with free space optics. Figure 1 shows a schematic diagram of the proposed system. The system consists of a Michelson interferometer. In the system, interference fringes are generated on the sensor array by tilting the mirror put on one optical arm. Interference components of the fringes I (p) are represented as Eq. (1).
Optical interferometer for modulo operation

2-1 Relation between modulo operations and phase modulation of light wave
In this equation, λ, θ, and p show wavelength of light wave, tilt angle of the mirror, and a pixel position of the detector array, respectively. As described in Fig. 2 
From Eqs. (1) and (2), interference fringes corresponding to g (p) are obtained by setting θ as shown in Eq. (3). [4] θ =
2-2 Prime factorization with parallel modulo operations
Parallel operations for modulo multiplication are useful in a factoring algorithm for large scale integers. In this case, as shown in Eq. (4), a target integer N is given as a product form of only two prime numbers p and q. N = pq (4) In the algorithm, firstly, an integer a is selected. a should be satisfied with the following two equations. Here, the symbol gcd (a, N) in Eq. (5) indicates the greatest common divisor of a and N. Next process is derivation of the period r of f (x) represented as Eq. (7).
Note that it is known that f (x) is periodic function when a is satisfied with the conditions described in Eqs. (5) 
In case of p', q' ≠ 1, N, p' and q' are output as p and q, respectively. With the Shonhage Strassen algorithm, f (x) is derived by sequence of modulo multiplications. [6] Therefore, parallel operations for modulo multiplications are important in large scale factorization.
Improvement of parallel processing
3-1 Principle
The proposed method has some advantaged features in optical parallel processing. One of them is that parallel processing can be achieved with only single emitter and single modulator. Also, processing performance directly depends on array size of the photodetectors. In terms of ultra parallel processing, some effective improvements are required. In this research, a novel method to improve the performance is reported. In the method, θ is set as represented in Eq. (10).
In Eq. (10), m should be a positive integer. The larger m is, the higher the system performance is. By the novel method, m times of parallel processing are achieved in comparison with the conventional one. On the other hand, the results of modulo exponentiation are less accurate when the value of m is large. 
3-2 Numerical analysis
Usefulness of the novel method is verified by numerical analysis. For this analysis, distribution of modulo exponentiation is derived from a set of I (p). The procedure of the derivation is in accordance with our previous work. [4] When bit length of N is n, n times of measurements are required to obtain a set of interference signals. And, autocorrelation of modulo exponentiation is calculated by postprocessing with digital signal processing. Examples of numerical analysis are described in following. Firstly, Fig. 3 shows a simulation result in case of m=1. In this case, N and a are set to be 55 and 3, respectively. This result shows equivalent to that with the conventional result. From the profile in the graph, it is found that the period of 3
x mod 55 is 20. Figure 4 shows simulation results at m=2, 4, 8, 16 , and 32 to verify effectiveness of the novel method. From the all results in the figure, peak signals appear at x=20. These results show that the novel method can provide correct outputs in prime factorization.
Discussion
Numerical analysis shown in Sec. 3.2 is discussed. From the results depicted in Fig. 4 , desired peak positions are observed even though the value of m is large. That is caused by mathematical characteristics of f (x). As described in Sec. 2.2, f (x) is a periodic function. Moreover, the period is always an integer. From the characteristics, information on the period seems to be extracted from obtained profiles with noise signals. In terms of parallel processing, such a characteristics are considered to be suitable for optical implementation. Needless to say, also, contrast of peak signal is worse as m is larger. We should study on detail analysis about the relation between the contrast and the value of m as one of the future issues. 
Summary
A novel method to improve an optical system for modulo operation has been presented. As results of numerical verification, we can clarify the effectiveness of the presented method.
